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Tyrosinase is a widespread enzyme with great promising capabilities. The Lineweaver-Burk plots of the

catecholase reactions showed that the kinetics of mushroom tyrosinase (MT), activated by Co2+ and Zn2+ at

different pHs (6, 7, 8 and 9) obeyed the non-essential activation mode. The binding of metal ions to the enzyme

increases the maximum velocity of the enzyme due to an increase in the enzyme catalytic constant (kcat). From

the kinetic analysis, dissociation constants of the activator from the enzyme-metal ion complex (Ka) were

obtained as 5 × 104 M−1 and 8.33 × 103 M−1 for Co2+ and Zn2+ at pH 9 and 6 respectively. The structural analysis

of MT through circular dichroism (CD) and intensive fluorescence spectra revealed that the conformational

stability of the enzyme in these pHs reaches its maximum value in the presence of each of the two metal ions. 

Key Words : Mushroom tyrosinase, Non-essential activation, Co2+, Zn2+, pH

Introduction

The presence of tyrosinase (EC 1.14.18.1), the key enzyme

for the synthesis of melanins, is reported in a variety of

tissues and within different stages of lifespan. This enzyme,

as a ubiquitous cuproenzyme, utilizes phenolic compounds

and transforms these substances into the corresponding o-

quinones.1 The polymerization of o-quinones results in the

formation of melanin which is an extremely vital process

from pathophysiological point of view.2,3 Furthermore, recent

studies have confirmed the contribution of tyrosinase to

quite diverse natural processes.4-6 Tyrosinase family contains

two highly conserved putative copper-binding catalytic

domains which are highly homologous with the copper-

binding catalytic domains of bacterial, fungal and mammalian

tyrosinase.7 Tyrosinases, in particular the edible mushroom

tyrosinase (MT), have been focus of different mechanistic

studies due to their availability and close similarity with

mammals’ tyrosinase.8 So far, several bivalent cations have

been found to be inhibitors or activators of tyrosinase, a

point that has not reveived due consideration. One reason for

this discrepancy might be the purity of the enzyme pre-

parations (crude and highly purified enzyme), while the

others may be associated with the source of the enzyme. The

impacts of Fe2+, Cu2+, Mn2+, Ni2+, Zn2+, Co2+, or Cd2+ as

divalent metal ions on kinetics of Sepia officinalis tyrosinase

activity have been studied.9 DOPA-oxidase activity of tyrosin-

ase extracted from liver pigment cells of Rana Esculenta L.

has been reported to increase in a concentration dependent

manner in the presence of copper. The activation was attri-

buted to the transfer of the copper ions to the apoenzyme.10

In spite of some weak binding sites on MT for Co2+ or Zn2+,

these cations produce no effect on the catalytic activities of

the native or reconstituted metapotyrosinase.11 

It is possible that some of the activation phenomena

observed were due to the activation by metals or the

reducing agents. As mentioned above, similarities between

the MT and other tyrosinases, in particular the mammal

tyrosinase, have made it an apt example for in-vitro studies

in this field.8,12 Our previous study on MT kinetics revealed

that the cresolase activity on p-coumaric acid was boosted in

the presence of Cu2+ and Ni2+ although inhibited when

phenol, L-tyrosine, or 4-[(4-methylphenyl)azo]-phenol were

used as substrates. Similarly, catecholase activity on caffeic

acid was enhanced in the presence of the two ions, but

inhibited when catechol, L-DOPA, or 4-[(4-methylbenzo)-

azo]-1,2-benzenediol were applied as substrates.13 Thus,

consistent with our previous studies and many other numer-

ous reports on the stability, kinetics, and inhibition of both

activities of MT,14-17 the present comprehensive kinetic study

on catecholase activity of MT elucidates the effect of Co2+

and Zn2+ on the enzyme kinetics and structure. Yet, some

important aspects of the enzyme structure, mechanism, and

behavior have remained unresolved. Considering the im-

portance of the enzyme-divalent metal ion interactions,18-22

the regulative and catalytic roles of Co2+ and Zn2+ in melano-

genesis pathway,23-25 and the fact that melanosomal pH is an

essential factor which regulates multiple stages of melanin

structures,26 this study was devoted to further explore the

effects of Co2+ and Zn2+ on MT kinetics and structure through

circular dichroism (CD) and spectroflourimetric techniques

at different pHs.

Experimental

Materials. Mushroom tyrosinase (MT; EC 1.14.18.1),
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specific activity 3400 units/mg, was purchased from Sigma.

3,4-dihydroxycinnamic acid (caffeic acid, λmax = 310 nm,

ε = 12000 M−1.cm−1) and analytical grade of CoSO4 and

ZnSO4 from Merck™. The salts of 2.5 mM phosphate buffer

(PBS) were purchased from Merck. All experiments were

carried out at 20 oC and solutions were prepared in de-

ionized distilled water.

Methods.

Kinetic Measurements: The kinetic assays of catecholase

activity were carried out using Cary spectrophotometer, 100

Bio model, with jacketed cell holders. Caffeic acid as

diphenol substrate was used in phosphate buffer (2.5 mM) at

pH 6.8 in a conventional quartz cell thermostated to

maintain the temperature at 20 ± 0.1 °C for 2 min at an

enzyme concentration of 11.8 μM (40 unit/mL). To study the

effect of pH, 2.5 mM PBS buffers at different pHs of 6, 7, 8

and 9 were used. Kinetic measurements of catecholase

reaction with caffeic acid at different pHs were carried out

both in the absence and presence of Co2+ and Zn2+ (0.2, 0.6

and 0.9 mM). All assays were repeated as triplicate. Units

were defined by the vender. Accordingly, one unit of the

enzyme in the cresolase activity is equal to the 0.001 change

in the optical density of L-tyrosine per minute at 280 nm in 3

mL of the reaction mixture at 25 °C and pH 6.5. 

Circular Dichroism Spectroscopy: The far UV region

(190-260) corresponding to the peptide bond absorption was

analyzed by an Aviv model 215 Spectropolarimeter (Lake-

wood, USA) to obtain the content of regular secondary

structure in MT. For the far UV spectra, MT was studied at a

concentration of 0.21 mg/mL using 1 mm path length quartz

cell. Protein solutions were prepared using 2.5 mM PBS

buffer at pH 6.8. The protein solutions were also incubated

with Co2+ (0.2 mM) and Zn2+ (0.2 mM) for at least 5 min.

Then the experiments for sole MT and its incubation with

the metal ions were carried out at pH range of 6, 7, 8 and 9.

The results were expressed as ellipticity [deg·cm2·dmol−1)]

based on a mean amino acid residue weight (MRW) of 125

for MT having the average molecular weight of 120 kD. The

molar ellipticity was determined as [θ] = (100 × (MRW) ×

θobs/CL), where θobs is the observed ellipticity in degrees at a

given wavelength, C is the protein concentration in mg/ml

and L is the length of the light path in cm. All measurements

were carried out at 25 °C with the help of a thermostatically

controlled cell holder attached to a Neslab’s RTE-110

circulating water bath with an accuracy of ± 0.1 °C. 

Fluorescence Spectroscopy: Intrinsic fluorescence spectra

of MT were recorded with Cary spectrofluorimeter model

Bio100 with excitation wavelength of 280 nm and the

tryptophan residues emission spectra were recorded from

300 to 400 nm. Intrinsic fluorescence of sole enzyme (0.17

mg/mL), and its incubation by 0.2 mM Co2+ and Zn2+ for

5min in pH range of 6, 7, 8 and 9 were measured in 2.5 mM

PBS buffer at pH 6.8 and 25 °C, in 3mL quartz cuvettes with

a 1-cm excitation light path. 

Results and Discussion

MT Activation by Co2+ and Zn2+ in the Catecholase

Figure 1. MT kinetic assays for catecholase reactions of caffeic acid in 2.5 mM phosphate buffer at pHs = 6(a), 7(b), 8(c) and 9(d) without
( ) and in the presence of different fixed concentrations of Co2+: 0.2 mM ( ), 0.6 mM ( ) and 0.9 mM ( ).▲ ◆ ■
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Reactions. Catecholase reactions were examined at pH 6, 7,

8 and 9 at 20 °C and three concentrations 0.2, 0.6 and 0.9

mM of metal ions. Data collection and analysis of MT

kinetic reactions with the metal ions in catecholase reactions

showed a special case of non-essential activation. The

reciprocal plot for the non-essential activation at pH points

mentioned earlier are illustrated in two series of figures, i.e.

Figures 1 and 2 for Co2+ and Zn2+, respectively. The figures

show a series of straight lines intersecting each other on the

left hand side of the vertical axis, over the horizontal axis,

indicating the activation of MT at low concentrations of

metal ions. The apparent maximum velocity (V'max) and the

apparent dissociation constant of the substrate (K'S) values,

can be obtained at any fixed concentration of metal ions

from the vertical (Y) and abscissa (X) intercept, respectively.

As illustrated in Scheme 1, the non-essential activation of

MT by metal ion as an activator molecule (A) is proposed by

rapid equilibrium model. In this model, V'max = Vmax (1 +

β[A]/αKA)/(1 + A]/αKA) and K'S = KS(1 + [A]/αKA)/(1 +

[A]/αKA).
27 KS is the dissociation constant of the substrate

from the enzyme, KA is the dissociation constant of the

effector from the enzyme, α and β represent maximal changes

in KS and Vmax of the enzyme in the presence of different

concentrations of metal ions as activators [A]. Vmax and KS

values are obtained from the Y-intercept and X-intercept of

reciprocal plots, respectively. The magnitudes of slope and

Y-intercept from the reciprocal plots were obtained and

inversely replotted vs. inverse concentration of the activator

in series of figures marked as Figures 3 and 4 for Co2+ and

Zn2+, respectively. The linear plot of 1/Δ slope against 1/ΔA

revealed the Y-intercept of βVmax/(β-1) and the X-intercept

of -β/αKA. The linear plot of 1/ΔY-intercept against 1/ΔA

shows the Y-intercept of βVmax/KS (β-α) and the X-intercept

of -β/αKA. The α, β, KS and KA values were calculated from

these secondary plots and are illustrated in Table 1. The α

values (α < 1) obtained herein suggest that the binding of

metal ions to the enzyme increases the binding affinity of the

substrate. The β values (β > 1) obtained likewise suggest

that the binding of metal ion to the enzyme increases the

maximum velocity of the enzyme due to an increase in the

enzyme catalytic constant (kcat). The results show that Co
2+

and Zn2+ activate MT through a concentration dependent

manner. The affinity of binding for the metal ion (as an acti-

vator) is greater than the affinity for its role as an inhibitor

(KA < KS). 

The α parameter determines the activation effect at low

[S] and the β determines the activation effect at high [S].

When α < 1 or β > 1, there is “positive” activation towards

the reaction; and when α > 1 or β < 1, there is “negative”

activation towards the reaction. As presented in Table 1,

magnitudes of the activator affinity to enzyme (Ka) are several

times greater than the substrate affinity to the MT (1/Ks). 

Structural Analysis of MT in the Presence of Co2+ and

Zn2+ at Different pHs. The analysis of the secondary

Figure 2. The secondary plot, 1/Δ slope against 1/ΔA(Co2+) at pHs = 6(a), 7(b), 8(c) and 9(d). 

Scheme 1. Non essential activation model of MT activation by
Co2+ or Zn2+ (A).
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structure of MT from CD spectra was carried out using CD

spectra deconvlusion software the results of which are

presented in Table 2. The results rule out a significant

change in the secondary structure of MT in the presence of

metal ions at different pHs. Figure 3 supports the observable

changes in the tertiary structure of the sole enzyme and the

enzyme incubated with Co2+ and Zn2+ at different pHs.

Conformational changes of an enzyme revealed a decrease

Figure 3. MT kinetic assays for catecholase reactions of caffeic acid in 2.5 mM phosphate buffer at pHs = 6(a), 7(b), 8(c) and 9(d) without
( ) and in the presence of different fixed concentrations of Zn2+: 0.2 mM ( ), 0.6 mM ( ) and 0.9 mM ( ).▲ ◆ ■

Figure 4. The secondary plot, 1/Δ slope against 1/ΔA(Zn2+) at pHs = 6(a), 7(b), 8(c) and 9(d).
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in the intrinsic fluorescence spectra of MT. The plot of

fluorescence spectra in the figure shows that the maximum

intensity in 350 nm decreased at pH 8 for the sole enzyme

and the MT incubated with Co2+ and Zn2+ at pHs 9 and 6,

respectively . It has been shown that the maximum fluore-

scence spectra (350 nm) of MT incubated with Zn2+ (0-50

mM) using an excitation wavelength of 280 nm decreased

with a slight red shift in a dose dependent manner.28 Similar

results were achieved for the high concentration of NaCl

(more than 2.0 M) with the maximum fluorescence spectra

in 350 nm using an excitation wavelength of 280 nm.29 The

lowest level of fluorescence intensity in the presence of Co2+

and Zn2+ was obtained at pH 9 and pH 6, respectively.

Beltramini et al.30 have reported that upon excitation of

apo-, met-, and oxy-tyrosinase at 294 nm, where 94% of

light was absorbed by tryptophan residues, tyrosinase ex-

hibited fluorescence with a maximum intensity near 330 nm.

Besides, it has been reported that there are differences

between the spectra obtained under excitation at 275 and

294 nm.31 The enzyme used in our study was a mixed type

of met-and oxy-tyrosinase and with the excitation wave-

length of 280 nm it showed a maximum intensity in 350 nm.

The CD spectra of MT in Figure 6 represent two negative

peaks at 208 and 222 nm. These two points are ascribed to

the α-helix and β-sheet structures. The negative broad peaks

at 208 and 222 nm were analyzed by CD deconvlusion

software (CDNN version 2.1). As presented in Table 2, the

content of regular secondary structures (59.2%) for Co2+

and (59.8%) for Zn2+ revealed enzyme stability after its

incubation with 0.2 mM concentration of these cations at

pHs 9 and 6, respectively. It showed that the percent of β-

sheet structures of MT increased significantly for the sole

enzyme at pH 7 to the highest values after being incubated

with Co2+ and Zn2+ at pHs 9 and 6, respectively, while the α-

helix structures slightly decreased in these points. The

explanation is that a subtle re-arrangement of the MT

structure occurred in the mentioned pH condition.

As presented in Table 1, the higher Ka values for Co
2+ and

Zn2+ at pHs 9 and 6 show a good concurrence with the com-

pactness and thus higher secondary and tertiary structural

stability of MT at the mentioned pHs. Considering the

results of the present study, the difference in metal affinity to

the enzyme at different pHs reveals the diverse impact of

Co2+ and Zn2+, leading to a change in the enzyme stability.

The other important finding of this study is the high binding

affinity for metal ions. Binding constants in the milimolar

range would lead to the conclusion that such interactions are

physiologically relevant. There are several studies regarding

the physiological effect of transition metal ions on the

melanogenesis process. These studies have mainly focused

on nonenzymatic aspects of melanins such as cation ex-

change properties, structural modification by metal ions and

rearrangement of dopachrome.23,24 However, in the melanin-

containing tissues there are high qualities of some heavy

metals, in particular zinc, copper, and iron,32 for example,

high levels of such metal ions have been found in the choroids

of eye,33,34 black hair,35 pigmented moles,36 and human

melanomas.37 The binding of transition metals to the MT

leads to the structural and functional changes as a con-

sequence of such interactions. In our previous study, the

Cu2+ and Ni2+ interactions with MT activity were shown to

cause some conformational changes, which made the enzyme

more fragile. They behaved similarly in the catalytic activities

and boosted MT activity, but at varying degrees and at pH

6.8.13 It is proposed that the divalent metal ions, more or

less, get in the way of the interaction between the substrate

and the MT active site via a coordination binding. This

indicates that both the presence and binding of the caffeic

acid carboxyl group with metal ions confer its interaction

with MT active site.

The halide ions such as F−1 and Cl−1 inhibit tyrosinase

through direct interaction with the active site.38,39 In the

Table 1. Kinetic parameters obtained from non-essential activation model in the presence and absence of 0.2 mM Co2+ and Zn2+ at different
pHs

 Co2+ Zn2+ Enzyme

pH α β Ka (M)−1 KA (mM) α β Ka (M)−1 KA (mM) Vmax (mM/min) Ks (mM)

6 0.42 3.04 1.35 × 103 0.74 0.24 2.01 8.33 × 103 0.12 23.3 9.3

7 −0.9 3.64 −1.33 × 103 −0.75 −0.18 3.62 −1.11 × 104 −0.09 79.4 60.4

8 0.23 1.05 1.43 × 104 0.07 −1.1 15.9 −0.22 × 103 −4.6 99 18.6

9 0.15 1.23 5 × 104 0.02 −0.29 1.53 −1.1 × 104 −0.12 46.7 31.3

Table 2. The percent of secondary structure calculated from deconvlusion of UV-CD spectra for sole enzyme and in the presence of 0.2 mM
Co2+ and Zn2+ at different pHs

Enzyme Co2+ Zn2+

pH

Structure 6 7 8 9 6 7 8 9 6 7 8 9

α-Helix 21.1 20.7 20.1 18.7 21.5 20.1 19.8 17.2 17.1 19.4 18.7 21.1

β-Sheet 35.3 34.8 34.9 40.3 34.2 34.9 37.5 42 42.7 38.3 35.7 35.3

β-Turn 16.7 15.9 15.9 15.1 16.6 15.9 15.9 13.6 14 15.7 13.1 16.7

Random Coil 26.9 28.6 29.1 25.9 26.5 28.1 26.8 27.2 26.2 26.6 32.5 26.9
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other study, NaCl blocked proton (H+) generation during L-

DOPA oxidation.40 Cl−1 reacts to the MT active site and

binds to the enzyme-substrate complex (ES) state to form

the ESI complex and shows a mixed inhibition manner.29

Thus, as mentioned above the role of the substrate and the

type of the ions are important for the enzyme activity. Co2+ is

the ion most similar to Zn2+. These two ions prefer tetra-

hedral rather than octahedral geometry at their chelates41

Zn2+ has some characteristics in common with Cu2+ and both

ions are good Lewis acid catalysts, but Zn2+ has no redox

chemistry associated with it under biological conditions.

Zn2+ is the metal ion cofactor in the active site of dopach-

rome tautomerase. To date we know of 12 zinc-enzymes

whose Zn2+ ligands and modes of co-ordination have been

identified; these represent examples of oxidoreductases,

transferases, hydrolases and lyases.42 Thus Zn2+ is preferable

to almost all other cations as an acid-base catalyst in living

systems on the grounds of availability, power and absence of

redox properties.42 Cobalt is rare in living systems, but it is a

very valuable probe atom since its chemical similarity to

zinc is such that it can replace it specifically,43 as in carbonic

anhydrase.44 In this study, caffeic acid as a diphenol sub-

strate play a crucial role in enzyme activation by Co2+ and

Zn2+. Jara et al.25 in their studyed reported that Co2+ and Ni2+

increased tyrosinase hydroxylation in the melanogenesis

pathway, while Zn2+ inhibited this activity in the mouse

melanoma cells. In another study, Park et al.28 showed that

Zn2+ inhibits MT in a mixed type inhibition manner. They

assessed the enzyme activity through proton generation from

L-DOPA by thymol blue. In their thermodynamic analysis

Zn2+ ligand-binding by isothermal titration calorimetry (ITC)

showed that the enzyme was stabilized, and thus its hydro-

phobic surface was not exposed by a cation. Our results

indicated that the maximum fluorescence intensity in the

presence of Co2+ and Zn2+ decreased in comparison with the

native enzyme spectra in the neutral pH. Hence, they

induced enzyme stability and compactness. The imidazole

ring is an essential metal binding site in metalloproteins and

one or more imidazole units are bound to metal ions in

almost all copper- and zinc metalloproteins, as seen in

nickel-containing urease leading to profound effects on their

biological actions.45 The copper(II) is reported to promote

the deprotonation of neutral imidazole ring, forming imida-

zolate bridged oligonuclear species, which could be observed

only at pHs above 8 indicating that even a very weak basic

imidazole ring may offer a particularly stable metal binding

site.46-48 The crucial role of copper in the active site of

tyrosinase family and its replacement with other metals has

been the focus of several previous studies. Based on the data

obtained from photooxidation, active site-directed modifi-

cation and amino acid sequence of Neurospora tyrosinase, it

may be suggested that the histidyl residues188, 193, 289,

and 306 represent possible ligands to the copper site in this

enzyme.49-51 Besides, it has been shown that Co2+ can replace

Cu2+ in this enzyme, indicating that the histidines at the

active site of the tyrosinase family enzymes can bind Co2+.52

In the present study, the Co2+ and Zn2+-induced activation of

MT obeyed the non-essential activation manner. They

increased the maximum velocity of the enzyme due to the

increase of the enzyme catalytic constant. Although the

enzyme reached its optimum activity at pH 7, its optimum

stability through fluorescence and CD structural analysis

occurred at pH 8. 

The overall data, including the metal affinity constants

(Ka) in kinetic data and the assessment of the secondary and

tertiary structures obtained by CD and fluorescence techni-

ques, showed a considerable impact of Co2+ and Zn2+

Figure 5. Intrinsic fluorescence emission spectra of MT without
(e) and with 0.2 mM Co2+ and Zn2+ in 2.5 mM PBS buffer at
pHs = 6, 7, 8 and 9. The excitation wavelength was 280 nm. The
concentration of the enzyme was 0.17 mg/mL.

Figure 6. Far-UV CD spectra of MT : Sole enzyme in neutral pH
(Enz7), with 0.2 mM Zn2+ at pH 6 (Zn6) and with 0.2 mM Co2+ at
pH 9 (Co9).
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inducing structural stability of MT at pHs 9 and 6. Although

the maximum activity of the sole enzyme was obtained at

pH 7, its structure in the absence and presence of metal ions

was found to be more fragile at this pH. Thus, the enzyme

optimum activity failed to achieve its optimum structural

stability conditions. 
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